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SUMMARY

An analysis was made of the flow condlitions downsitream of &
cascade of turbine rotor blades at oritical and supercritical pres-
sure ratios, The results of five theoretical methods for determin-
ing the deflection angle are compered with those of an experimental
nmethod using the conservation-of-momentum prineciple and static-
Pressure surveys, and alsc are compared with an analysis of schlie-
ren photographe of the flow downsiream of the blades, A two-
dimensional cascade of eix dlades wlth an axial width of 1.80 inches
was used for the statlc-pressure surveys and for some of the schlie-
ren photographs., In order to determine the flow conditions several
blade chords downstream of the ocascade, schlieren photographs were
taken of the flow through a cascade of 18 blades having an axial
width of 0.60 inch.

For the blade design studied, even at static-to-total pressure
ratlos considerably lower than that required to give critical veloc-
ity at the throat section, the flow was deflected In the tangential
direction as predicted for the incompressible case, As the pressure
ratio was lowered further, the aercdynemic loading of the rear por-
tlon of the blade reached & maximm value and remained constant,
After this condition was atteined, the expansion downstream of the
cascade tock place with a consbtant tangentlal velocity so that no
further increase in the amount of turning across the blade row and
no further lncrease in the loading of the blade was avallable.

Although none of the five methods for analytically determining
the Jet-deflectlion angle gave results that agreed closely with the
experimental results, the assumption of nonisentropic expansion with
a constant value of tangential velocity after the aerodiynamic load-
ing of the rear porition of the blade reached its maximum value gave
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the best agreement between theory and experiment. When the entire
fleld of flow a short distance downstream of the blades became
supersonic, an end-point condltion for which the axial wvelocity is
supersonic was attalned, and any further decrease in the pressure
ratio did not change the flow conditions at the exit of the blades.
The flow for thls end-point condition wae quantitatively analyzed
by the method of characteristics, The deflection of the Jet deter-
mined by the experimental conservation-of-momentum method was found
to remaln almost constant at about 7¢ in the tangential direction
untll the blade loading reached 1ts maximum value; the deflection
angle then changed as the pressure ratio was further decreased,
until & maximm value of 15° in the axlal direction was obtalned
for. the end-point comdition,

INTRODUCTION

In evaluating the performance of a gas turbine, account must
be taken of the deflection of the flow from the blade angle at the
exit of each row of blades for subsonlc and supersonic velocitles,
For subonsic flow out of blade rows having s reasonably high degree
of guidance and solidity, the devistlon between the angle of flow
and the blade angle at the exit can be approximated by a simple
empirical rule (references 1 and 2). When the ratio of the exit
statlc to the inlet total pressure across the blade row is less than
the critical value, however, expansion to supersonic velocliies
takes place and either & camplex flow pattern of mixed subsonic and
supersonic velocities or a region of completely supersonic veloc-
itles is obtained downstream of the blade row. Several theoretical
methods for predicting the angle of flow deflection for this condil-
tilon have been suggested; they are based, however, on different
simplifying assumptions and glve inconsistemt results.

Five such theoreticel methods for determining the deflection
angle are presented herein and compared wilth the resulits of an
experimental Investigation conducted at the NACA Lewls laboratory
of the flow conditlons at the exlt of a cascade of typlical rotor
blades, In addltion, a detalled analysls of the flow at the exlt
of the cascade ls presenited for the condltions exsmined.

The five theoretlical methods evaluated are:

1. Isentroplic expansion with conatsnt flow area perpendicular
to the axlial direction
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2, Isentroplc expansion with constant tangential veloclity

3. Nonisentroplc expansion with constant tangential veloclty
and constant flow area perpendiculer to axial direction

4, Isentropic expansion of flow with deflectlion in axlal
directlion according to Frandtl-Meyer theory of flow
around a corner, &s derived in reference 3.

5. Bvaluation of flow condlitions downstream of row of blades
by method of characteristics

A two-dimensional cascade was used for the experimental inves-
tigation, The blade studied has a solidity of 2.2 based on the
axlial width and a deslgn reaction of 40 percent with choking flow
at the exlt. The static-pressure dlstributlion over the peripheral
gurface of the blade and downstream of the blade row was determlned
for an inlet temperature of about 600° R, inlet pressures from 20
to 43 pounds per square inch, and static-to-total pressure ratios
from 0.60 to 0.16. These static-pressure surveys were used to
evaluate the veloclty and the flow angle by the conservatlon-of-
momentum principle (lmpulse law) presented in reference 4. With
the blades mounted between glass plates, schlieren photographs of
the flow through the pessages and In the region downstream of the
blades were taken and are presented.

SYMBOLS
The following symbols are used in this report:

A area, (sq £%)

a velocity of sound, (£t/sec)

CP compression shock wave originating from deflection of
Tlow separated from pressure surface of blade

Cg compression shock wave orlginating from delfection of
flow separated from suctlon surface of blade

a distance across blade chammel at exit, (ft)

g acoeleration due to gravity, 32.17 (£t/sec?)

K frictional drag force, (1b)
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1 Tlow=-path length along suction surface to center of areea
downstream of throat, (ft)
m . mass flow, (slugse/sec) E
~
P pressure force, (1b)
P pressure, (1lb/sq ft)

Q and S arguments used in evaluating Prandtl-Meyer type flow

R gas constant, 53.34 (£t-1b/(1b)(°R))
Rez Reynolds number based on flow-path length 1
s blade pltch or spacing, (£t)
P absolute temperature, (°R)
W relative velocity, (ft/sec)
B ' angle of flow measured from tengential direction, (deg) "
4 ratio of specific heats, 1._40 for alr .
5 angle of flow deflection, B, - By, (deg)
e blade angle at exlt, measured from tangentisl direction,
(deg)
M absolute viscosity, ((1b)(sec)/sq £t)
) mass density, (slugs/cu £t)
T shearing stress due to boundary-layer friction, (1b/sq ft)
Subscripts:
a direction of blade suction surface at exlt
ac ectual
av average on suctlon surface from leading edge to center of

area downstream of throat for computing Reynolds number

cr critical
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1 igentropic

n direction normal to blade suction surface at exit

s suction surface of blade downstream of throat

t trailing edge of blade

u tangential component

x axial proJjection or camponent

Stetlons:

1 'inle'b to casacade

throat sectlon

3 immedistely downstream of cascade where flow 1s assumed
to be deflected in tangentlal direction to f1ll wake
regions behind blade tralling edge

4 final downstream station where expansion to super-
critical conditlions is complete

I first group of staetlc-pressure taps downstream of cas-
cade (See fig. 12.)

IT second group of static-pressure taps downstream of
cascade

ITT third group of static-pressure taps downstream of cascade

v fourth group of static-pressure taps downstream of casocade

Superscripts:

stagnation sbtate

average value
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METHODS FOR DETERMINING JET DEFLECTION AT
SUPERCRITICAL FRESSURE RATIOS

For subsonic velocities at the exit of & blade row, numerous
investigatlions (for example, references 1 and 2) have shown that
the flow will be deflected from the blade angle €6 toward the tan-
gential direction so that the condition of conbtinuity will be sat-
lsfied as the stagnant wake region behind the trailing edge of each
blede 1s filled and essentially uniform flow conditions are pro-
duoced downstream of the blade row. For this condition of uniform
subsonic flow, the final flow angle for pressure retios up to and
including the ocritical presswure ratio is

= -1 d
Bs = sin™ < (1)

For pressure ratios less than the critical value, however, an
expansion to supersonlc-flow conditions with deflection in the
axial direction will take place.

Six methods of caloculating the Jet deflection at supercritical
Pregsure ratios are evaluated. The first five methods can be solved
when only the blading comfiguration and the pressure ratio for the
expansion downstream of the passage throat are known, In order to

apply the sixth method (Stodola's impulse-law method), experimentally

determined pressure distributions on the suoction surface of the
blade near the tralling edge and downstream of the blades must be
avallable,

Method 1: Isentropic expemsion with constant flow area per-
pendiculer to axial direction, - A diagream of the flow conditions
in the exit reglon of a blade row for assumed lsentropic expension
with constant flow area perpendicular to the axial direction is
shown in figure 1. The blade passage is convergent to the throat
section (station 2) so that critical-flow conditions are assumed to
be attalned uniformly over the throat section when the pressure
ratlo across the blade row is equal to or less than the critical
presgure ratlio. The flow angle 52 is assumed to be equal to the
blade angle 6. From the continuity relation, if it 1s assumed
that the wakes are campletely filled, the final flow angle can be
expressed as

8 = sial <M°_r 2) (2)

1132
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From lsemtroplc-flow relations, B 4 can be solved if the values

of the over-all pressure ratio and the ratico d4/s are known. The
variation of the supercritical part of the Jet deflectlon By = B3

with the veloclty ratilo (H4/H )4 1is plotted in figure 2 £or vas-
lous values of By = gin” d./s. The total jJet deflection is

<]

(54 - ﬁs) - (52 - 53)
= 54 = Bz (5)

For each value of the flow angle BS » ‘the deflectlon angle

increases until the axial veloclity at station 4 becomes egual to
sonic veloclty. The end point on each of the curves corresponds to
this conditlion of choking at station 4. The following relation
between the axial and tangentlal velocitles when the axial compo-
nent is sonlc is derived in appendix A:

_.:... /\/1 0 - (7+1 ) (4)

The end point of each of the curves in figure 2 was obtained
by using isemtropic-flow equatlons and egquation (4).

Method 2: Isentroplc expansion with constent tangential
veloclty. - If 1t is assumed that the tangential caomponents of the
force acting on the expanding mass of £fluid immedliately downsitream
of the throat of the blade are negligible and that the expansion
is isentroplc, the oconditions of flow at station 4 can be determined.
A dlagram of flow conditions in the exit region of the blade for
these assumptions 1s shown in figure 3,

The following relations express the flow conditions at sta-
tion 4. By hypothesis,

Wa.4 Wy
ou,d _ Fu,3
T = cos Bz (5)

Isentroplc-flow relations determine (Wy/W..);, and the deflection
of the Jot is

W,
8 = cog™t (—;;i) - Bs (8)
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Becauge all the expansion tekes place through an increase in the
axial velocity, the flow area Ax,4 Wwill generally be less than

Ax,.'.’:' The area ratio is obtained from the continuity equation,

A
X4 % sin Bs (7)
Ax,3 P4 Vx4

pcr wcr

The supercritical part of the jJet-deflectlon angle B, - Bz is
plotted in figure 4 ag a function of the blade angle and the ratlo
of the final velocity to the critical velocity. The variation of
the area ratio Ax,4/Ax,3: determined from equation (7), is shown
in figure 5., The end polunts of the curves in figures 4 and 5 cor-
respond to sonic axial veloclty at station 4,

Because the conditlons at statlon 4 are assumed to be uniform.
acrosg the wldth of the cascade, the required decrease in flow
area (fig. 5) could be obtained in the actual turbine only by an
increase in the hub-to~tip-diameter ratio downstream of the rotor,
whlch would be an undesilrable design condlition.

Method 3: Nonlsentroplc expansion with constant tangential
velocity and constant flow area perpendiculer to axial direction, -
The assumption of constant tangential velocity can be satisfiled
with constant flow area if the losses between stations 3 and 4
decrease the static demnsity enough to allow continulty of flow with
these agsumptions,

Figure 6 is obtained through the solution of the eguations

2
I"_I_) . (E.)a - (.W__ z 8)
wcr WGI‘ Wcr
and
1
2 7=1
L = liof2=iy W (9)
p! l: <7+1 Wcr):l

The critical-velocity ratio W/W,, 1s plotted against the mass-
flow parameter pWy/p'W,, with contours of constent W, /MNgy.
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The curve through the points of maximum value of the mass-flow
parameter on each of the contours of comstant Wu/Wcr corresponds

%o the choking condition of sonic axial veloclty at station 4,
which satisfies equation (4).

Because

PaVr 5 = PaVix,4 (10)

the total-pressure ratio p's/p' 4 18

< . )
bel p'W
3 = cr/4 (11)

p'4 < pr>
P Wor/z

The values of the mass-flow parameters are read from fig-
ure 6 at assigned velues of the veloclty ratios W/Wc and

W,/Wep ot stations 3 and 4. The pressure ratio p4/;'3 can be
obtained from lsentropic relations and the relation

o
N
=]
.

1 (12)

-]
4}

L]
(4]

g
-

This method of calculatling the Jet deflection was not eval-
uated for the general case, but the solution for the perticular
blade configuration of the experimental lnvestlgation ls presented
in a subsequent sectlion.

Method 4: Isentropic expansion of flow with deflection in
axial direction according to Prandtl-Meyexr theory of flow around a
corner. - I the primary expansion to the downsitream statlc pres-
sure occurs from the pressure suxrface of the blade around the tall
radius from station 2,as suggested 1n reference 5, a flow pattern
of the Prandtl-Meyer type may occur. Such a Plow pattern (fig. 7)
is evaluated for an over-all pressure ratio p4/;p'l of 0.40. The

flow serarates from the suction-surface wall, leaving a wlde wake

region., The deflection of the Jet for these condltlons is glven
by the relation (referemnce 3, pp. 189-197)
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8 =Py~ Bz=%[1/77_—+31‘ (sin~l qp-ain™t ;) + (sin'_l Sz - s:Lnfl s4)]

(13)
where
Q=7- (7-1)<w:-:-;>
and.
S =9 - (7+1) ?;/V;::—r?

The variation of the deflectlion angle with the ratioco of exit
velocity to the critical veloclty (fig. 8) is evaluated by equa-
tion (13). The deflectlon angle calculated by this method is
Independént of the blade angle 8.

The amount of expansion that can be attained with the pre-
ceding assumptions is limlited. As the pressure ratlo 1s decreased,
the wake reglion will converge untlil an end-polnt condition of zero
wldth is attelined. The pressure ratlo at which thls condition
occurs wlll depend on the blade spacing, the blade~exlt angle, and
the thickness of the blade at the tralling edge.

Method 5: Bvaluetion of flow conditions downstreem of row of
blades by method of characteristics. - The flow conditions in the
exlt region of the blades for an assumed Prandtl-Meyer type of
expansion with no separation of the flow from the suctlion-surface
wall can be calculated by the method of characteristics (refer-
ence 3, pp. 210-232). The flow pattern obtailned with this method
for the blading configuration used in the experimental progrem 1s
shown In figure 9. A statlc=-to-total pressure ratio p4/p'l of

0.40 was assigned, as in the evaluation of method 4. It was
assumed that no mixing occurred between the main flow lssulng from
the channel and the stegnant weke regions, The final statlc pres-
sure p, was essumed. to exist throughout the wake region up to
the tralling edge of the blade, so that separation of the flow
from the pressure surface at the tralling edge takes place when
the flow from the pressure surface around the traliling edge has
turned through the Prandtl-Meyer angle corresponding to the down-
stream static pressure. Althoiigh the flow l1s initially deflected
in the axial direction through the Prandtl-Meyer angle of 4.15°




2g1T

- NACA BRM ESKZ25S 1L

in region 5 (fig. 9 and table I), subsequent reflections of the
expansion waves on the boundary of the Jet reverse the directlon

of deflection progressively sc that in region 25 the deflection
angle 1s 4.15° in the tangential direction (or -4.15°, table I).
Along the suotion swrface the expansion waves from the trailing-edge
redius are reflected as further expansions so that in region 21 the
effective Prandtl-Meyer angle is 8.30°, In order to obtain the
downstream stetic pressure in region 29, & compression wave of 2,.1S5°
is necessary at the point of separation from the suctlon surface.
Downgtream of the blades the flow patterm becomes repetitive and the
general deflection 1s in the tangembtial dlrection. As the exhaust
pressure 1s decreased, the wake region will become conbtinuvally
thinner until the streamlines from adjacent channels cross. At

this point, the solution to the problem with the present assumptlions
1s indeterminate.

Method 6: Evaluatlon of expansion by conservetlon-of-momentum
principle (impulse law) and measwred static pressures. - Stodola
{reference 4, p. 142) suggeste that the deflectlon of the Jet can
be analytically determined by appllication of the conservation-of-
momentium principle to the mass of fluld in the reglon ABCIEFGA,
between stations 2 and 4 (fig. 10). The forces acting on the mass
of fluid can be convenlently resolved into components parallel and
normal to the direction correspondlng to the blade angle €, which
1s equal to Bz. The pressure force at station 2 P, acts in the
direction of the velocity at this station and 1s composed of two
parts; p_'ZAE » the average pressure multiplied by the area at sta-
tion 2,plus P_.tAt s The pressure force over the trailing-edge area
of blade, Acting in the opposite direction are the frictional drag
on the suction surface Kg = Tg Ag and the component of the pres-
sure force at statlion 4, Pa.,4' Equating these forces to the change

in momentum parallel to the suctlion surface from statlon 2 o sta-
tion 4 gives

Dphp + Py = Tohs = Dy sy 4
Pp - Kg - a,4

The components of force and velocity normal to the suctlon suxrface
of the blade are obtained in & similar manner.

(14a)
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’ TWn,4 = Pghg = Pn,4fx,4
(14p)

mWn,4 = Pn,s = Fn,4

The pressure and frictional forces acting on the Jet boundary CD
will be equal and opposite to those acting on EF,

Critical conditions of flow can be assumed to exist uniformly
over the throat section (station 2) if the over-all pressure ratio
across the blade row is equal to or less than the crltical pressure
ratio. The mass flow can be most eaglly compubed at this station.

Only a rough approximation of the frictional drag om the
area Ag 1s necessary for thils analysls because the effect of
this force on the angle of Jjet deflection is nearly negligible com-
pared wilth the pressure forces., The boundary layer ls therefore
agsumed to be turbulent all the way from the leading edge of the
blade, and the shearing stress can be calculated from the following
equation (reference 6, p. 203):

— 2
0.059 Py (Wg)
175 3
(Rez,s) /—

3

(15)

where

The average values p_, Wy, Wgy, Pgys and Tay for computing

Hav
flow equations and the statlic-pressure distribution on the suction
surface, which can be determined eilther experimentally or analyt-

ically. (For example, see reference 7.)

The pressure distribution over the areas Ay and Ax,4 nust
be experimentally determined. Equation (1l4b) is then solved for
the velocity components Wa,4 and. Wn,4- The Jek-deflection angle
is .

W,
5 = tan~l Rad (16)
Wa,4

can be calculated with sufficient accuracy from the lsentropic-

1132
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EXPERTMENTAT. APPARATUS AND PROCEDURE
Blade Design

The blade-proflle design used in the experlmental investiga-
tion (fig. 1l) is the mean-section profile of a blade for an
experimental turbine with 40-percent reaction. The suction sur-
face of ‘the blade from A to B was chosen to be the lnvolute of a
circle; from B to C the conbtour 1s falired to the straight-line
gection from C at station 2 to D at the trailing edge. The channel
between blades was designed on the basis of one-dlimensional-flow

theory In such a menner that the mean velocity would continually
increase through the channel to the throat section at the exit
(station 2). The solldity for this design was 2.2 when based on
the axial width and when based on the blade chord was 2.3, This
relatlvely conservetive design with a high amount of reaction,
gradually increasing radil of curvature of the suction surface,
and high solidity was chosen to minimize the possibility of sep-
aratlon of the flow from the blade in the channel and to insure
practically constant flow conditlions over the widthk of the throatb
section for pressure ratios equal to or less than the critical
pressure ratio.

Two sizes of blades were used 1n the Iinvestigation. The
pressure-dlstributlion surveys were carried out on blades having
crogs~sectlional dimensions three times those given 1n figure 1l.
Schlieren photographs were taken of the flow pest ‘both the large
and small blades. The smaller blades were used in order to
increase the number of blades In the cascade for a flxed weight
flow so that the flow pattern in the exit regiomn- would be uniform
and could be observed several chord lengths dowmsiresm., In both
cases the blade helght was 2 inches and the blade profile was
constant over the blade helght.

Inspection indicated that the meximum deviation of the actuval
contours from the deslgn was less than 0.003 inch for the 0.60-inch
blades and 0,005 inch for the 1.80-inch blades. The maximum
deviation of the angle of the tralling edges from the design angle
wag 0.50° for the 0.60-inch blades and 0.25° for the 1.80-inch
blades. -

Experimental Equipment

In ordexr to determine experimentelly the flow conditions at
the exit of the blade row, three cascade configurations of the
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rotor-blade deslgn were fabricated, The first was used for making
pressure measurements and wake surveys and the other two were used
to obtain schlieren photographs of the flow through the blades and
downstream of the cascade.

Pressure-survey cascade, - In order to determine the pressure
distribution on the blade contour and in the region downstream of
the blades, a cascade of six blades having an axial width of
1.80 inches was mounted between horlzontal steel plates., The end
blocks of the cascade had the same contours as the suction and
pressure blade surfaces (fig. 12) so that the cascade included
seven equal passages, The static-pressure dlstributlon on the
blade surface was obtaeined for the center passage of ‘the cascade
from taps on the surfaces of the center two blades. The location
of the pressure taps on the blade contours is shown In figure ll.
The 10 taps on the pressure swrface end 1l taps on the suction
surface upstream of the throat section (station 2) were used to
show that the wvelocity in the channel approached sonic speed at
the throat section, and to obtain average values of velooclity and
density over the suction surface in order to calculate the Reynolds
numbexr Rez g° At all pressure ratios smeller than the critical

value, the :’Elow conditione through the channel to the throat sec-
tlon remained unchanged. The taps on the stralght portion of the
suction surface from C to D were spaced approximately 1/16 inch
apart. These taps were installed by inlaying 0,015-1nch-dismetex
stainless-~-steel tubes in a hollowed-out portion of the hlade. The
area was then filled in wilth soft solder and shaped %o the original
contour. The taps were slightly staggered but all were within
0,150 inck aof the mean blade height.

Two taps near the center of the upper plate and thirteen taps on
the lower plate 0,39 inch upstream of the blade row were used in
obtalning the 1nlet static-pressure distribution to insure that
uniform entrance velocitles were obtained over the width of the
cascade, On the lower plate, downstream of the cascade, 25 static-
pressure taps were placed to determine the pressure distributlon
in this region., The location of all these static-pressure taps ls
shown 1n figure 12, .

An adJjusteble wake-survey probe holder was mounted on the
upper plate and could be moved along a line perellel to the cascade
and 0.45 inch downstream of the hlade tralling edges. FProbes
mounted in this device could be adJjusted within 0,010 inch of any
desired point in the area to be surveyed and the angle of the
probe could be adjusted within 1/4°,

1132
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Sixz-blade optical-survey cascade. - Schlleren photograrhs of
the flow through the cascade of six blades were obtained with a
configuratlion 1n which the upper and lower plates were made of
glass., The blades were pinned to four steel bars about 0.10 inch
square in cross sectlon, which were inlaid in slots ground in the
glass plates. The assembly of blades, bars, and end blocks was
cemented to the glass plates. Five lines evenly spaced 0.08 inch
apart around the periphery of one blade were scribed in the span-
wise directlon. When the flow past these lines was supersonic,
the disturbances originated by the lines could be seen in the
schlieren photographs and the Mach angle could be measured.

Eighteen-blade optical-survey cascade. - A photograph of the
optical-gsurvey configuration similar to the six-blade cascads bub
having elghteen blades of 0.60-inch axisl width is shown in fig-
ure 13, Here the blades were fastened to two bars by a pinned
tongue-and-groove Joint and the bars were lald in slots ground in
glass plates. The metal strips on the front edge of the glass
plates formed one side of the boundary-layer removal slot (fig. 14)
and had pressure taps to obtaln the static-pressure distribubtion

over the width of the channel 1%'- inches upstream of the blade row.

Twelve of the pressure taps on the upper bar and twelve taps on
the lower bar were used in obtalning the static-pressure distri-
butlon at the entrance over the width of the cascade, The adjust-
able sheet-metal walls that can be seen in figure 13 extending
downstream from the end blocks proved to be impracticable and were
removed., '

Installation of experimental equipment. - Alr from the high-
presgure air-supply system of the laboratory was progressively
ressged through a steam-supplied heat exchanger, a thin-plate ori~
fice for determining the weight flow, and a surge tank 42 Inches:
in dlameter and 72 lnches in length to insure uniform condlitions
at the entrance to the test section. The surge tank contalned a
dlaphragm of fine-mesh screens and a bank of flow-straightening
tubes for equallzing the velocity distribution over the area of
the tank. The test section was mounted directly on the downstream
end plate of the surge tank (fig. 14). Air from this test section
was exhausted to the low-pressure exhaust system of the laboratory.
Two large, horizontal wooden nozzle blocks gulded the alr from the
ingide of the surge tank Into the test sectlon. The inlet angle
was held constant at the design wvalue for all the investigations.
Provision was made for drawing off the boundary-layer air from the

horizontal walls l% Inches upstream of the cascade of six blades
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used for obtaining the pressure surveys. The boundary-layer ducts
extended over the width of the cascade and were divided into four
equal sections each having an individual valve for metering the
flow, The alr from these boundary-layer ducts was exhausted to the
low-pressure system of the laboratory.

Optical equipment. - The schllieren optical system is dlagram~
matically shown In figure 15. A mercury-arc light source was uged
and a four-mlcrosecond flagh was made for each exposure. The two
concave aluminized mirrors are 6 inches in dlametexr and have a
focal length of 96 inches. The complex optical system was made
necegsary by space limitatlons.

Cagcade Calibratlon

In order to determine the degree to which ideal two-dimensional
flow was obtained 1n the cascade, a detalled survey of the total-
pressure distribution in the wake reglon was made, Thils survey was
mede at an over-all statlic-to-total pressure ratio of 0.60 so that
the velocities in the reglon downgtream of the cascade would be
subsonic, because 1t waa found that at supercritical pressure ratlos
the insertion of a probe into the flow caused major disturbances
In the statlc-pressure distribution on the wall below the probe.

It was asgumed that departures from two-dimensional flow would not
he appreclably different at lower pressure ratios. Contours of
constant total-pressure loss (p':L - p'4)/p'l are shown in fig-

ure 16 for the lower half of the flow area behind two blades. The
location of the points A and B are shown along the line of survey
in figure 12, Although there 1s an area at a blade height from
about 0.20 to 0.50 inch In which the total pressure ls higher than
at the mean blade height (probably caused by secondary flow in the
reglon where the blade meets the wall), the contours are very
nearly vertical over the greater part of the blade height. In
analyzing the results of the pressure surveys and schlieren photo-
graphs of the flow through the cascade confligurations using
1.80-inch blades, the departure from two-dilmensional flow was
therefore neglected. The end-wall effects on the flow through the
0.60~inch blades probably had an even smaller effect on the results
. because of the greater ratioc of length to axial width for these
blades,

In sdditlon to the precedling analyslis, a survey was made of
the Tlow conditions through the channel with no blades in the cas-
cade., Thls survey indicated that the flow at the entrance to the
blades was parallel to the Inlet nozzle blocks within 20,
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Experimental Procedure

The inlet temperature in all the experimental Investigations
was maintained at 600° +£10° R in order to reduce the possibility
of condensation and condensation-shock phenomena during the expan-
sion through the blades and in the reglon downstream of the cascade,
Celculationsg indicated that there was a possibility of condensation
only for the lowest pressure ratios.

The inlet total pressure for the cascade of 1.80~inch blades
used for the static-pressure surveys was measured in the surge
tank and varied from 20 to 43 pounds per square Iinch absolute;
whereas the exhaust pressure was simultaneocusly varied from 14 to
7 pounds per sguare inch absolute, depending on the over-all pres-
surse retio. The general range of pressures used for the investl-
gations of the 0.60-inch blades in the optical-survey configuration
wag somewhat lower in order not to overstress the blade mounting,
The statlc-to=total pressure ratio for both of these investigations
wag varied from 0.60 to 0.16. For the static-pressure-distribution
investigations, surveys were made at 12 different pressure ratlos
wilthin +thls range.

Schlieren photographs with the 0.60-inch blades were taken at
elght different pressure ratlos. The exlt static pressure for the
optical-survey configuration was taken as the average of four wall
taps (group IV) outside the periphery of the glass plate downsbream
of the blades (fig. 12). For the optical investigations of the
1.80-inch blades in which the alr was exhausted into the room, the
inlet pressure was varled from 22 to 35 pounds per square inch
absolubte and the exhaust pressure was assumed to be atmospheric.
Schlieren photographs of this blading configuration were taken at
three different pressure ratios.

For the schlieren pholographs, the knife edge was adjusted In
the focal plane wuntll the maximum constrast between light and dark
areag was obtalned on a ground-glass screen. At each pressure
ratio, photographs were taken at two different knife-edge angles
for the 1l,80-inch blades and at four different angles for the
0.60-inch blades., In addltion, a shadowgraph was obtained of the
0.60~inch blades at each pressure ratio.

For this investigation,'bhe Reynolds number Rez varied from

6.5 X 10° to 1.7 x 10® for the 1.,80~inch blades. Thusg, for all
the studies with the 1.80-inch blades and most of those with the
0.60-1In Og blades, the Reynolds number was above the crltical range
from 10° to 3 X 10° and was assumed to have a negligible effect on
the results.
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In order to obtain uwmiform flow conditions upstream of the
cascade, the welght flow removed through the varilous boundary-
layer-control chambers was adjusted until the variation in the
static-pressure distribution upstream of the blades was a minimum,.
For the investigations with the pressure-survey cascade and for
the 0.60-inch blades, the maximum variation in the static-pressure
distribution was less than 9 percent of the dynamic pressure.

Instrumentation

The inlet total temperature was measured with a thermocouple
and was read on a potentiometer to within 1° F. The static pres-
sures at the inlet to the cascade were read on tetrabromoethane
manometers, All the other pressures were read on mercury mencmeters
to an accuracy within 0.05 pound per square inch.

Calculation Methods for Static-Pressure~Survey Data

The flow condltiona at the exit of the cascade were evaluated
by the momentum relations of method 6 with the data obtalned from
the statlc-pressure-digtribution surveys. A sample calculation of
the evaluation 1s given in appendix B. A separate analysis was
carried out for each of the three groups of exlt static-pressure
taps, I, II, and III.

Isentropic flow from the stagnation conditione in the surge
tank to critiecal conditions at the throat section (station 2) of
the blades was asgsumed., The mass flow was calculated from these
asswmed conditions at statlon 2 and an assumed flow coefficient of
unity.

The pressure force Py, ,8 wvas evaluated by integrating a plot
of the static~pressure distribution over the area Ay agalnat the
projection of the line AGF (fig. 10) on 2 line parallel to the flow
direction at atatlon 2. The pressure Pt. was read from this curve
at the point corresponding to the projection of tralling-~edge
point F. The boundary-layer shearing stress Tg was evaluated by
equation (15), and aveéerage valuss of demaslty and wveloclty were
evaluated from the experimentally determined static-pressure dis-
tributlon over the suction surface of the blade, assuming
isentropic-flow conditiong. The average exit static pressure for
each of the three rows of taps was used in each of the three sep~
arate analyses.
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RESULTS AND DISCUSSION

The results of the experimental evaluatlon of the deflection
angle by the conservation-of-momentum principle of method 6 are
compared with the results of the theoretlcal methods 1, 2, and 3.
The analyeis of the schlieren photographs is presented and shows
the exbtent to which the assumpbtlions of methods 4 and 5 are Justi-
fled.

Static-Fressure Swurveys

The results of the experimental eveluation of the deflection
angle using the statlic-pressure-survey date and the momentim rela-
tlons of method 6 are shown in figure 17. The deflection angle is
plotted against the lsentroplc critical-velocity ratlo correspond-
ing to the pressure ratio Dy /p 1 at that point. For all three

rows of downstresm static-pressure taps, negative deflection angles
are obtained for values of (W;/W,.); less then about 1.27.
Although there is considerable scatter of the date points for
these values, the deflection angle tends to beccme less negative
as the Tlow progresges from group I to III for these low veloclty
ratios. This effect is probably due to losses in this reglon,
which cause a gradual change in flow angle toward the axlisl direc-
tion. At higher velocity ratios, comparatively large positive
deflection angles are cobtained and the agreement between polints

is considersbly lmproved.

The ratio of the actual velocity at pressure group I (deter-
mined by method 6) to the critical velocity, and the axial and
tangential critical-velocity ratios are plotted against the isen-
tropic critical-velocity ratlo at this station In figure 18. The
difference between the lsentropic and actual veloolties varles
from about 3 percent of the ideal value at the upper end of the
curve to 10 percent at the lower end., This range of velocity d4if-
ference corresponds to efficiencles of the expansion from 0.94 to
0.83, respectively.

The tangential-velocity ratio (Wy,4/Wer)ac = Increases until
(W4/Wcr)i is equal to about 1,14 and then remalns practically
constant at a value of 1.0l. The serodynamic loading of the blade
reaches its maximum value a% this point and then remains comstant,

so that no further increase 1n the tangentlal-velocity component
can be obtained. The pressure distribution over the area Ay for
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thie condition of maximum loading is shown in figure 19, The con-
tinually decreasing pressure from the throat to the trailing edge
of the blade indicates continued acceleration of the flow along
the surface and therefore it is unlikely that separation of the
flow from the surface occurs for the condition of maximum loading.

Even though the over-all pressure ratlo across the cascade
test section Py, Iv/p , Was varied from 0.22 to 0.18 (the mini-

mm value attaindble with the experimental equipment) for the last
three points on the curve for pressure-tep group I in figure 17
and on each curve in figure 18, these points are practically
superimposed, which lndicates that any decrease in the exhaust
pregsure to glve pressure ratios less than 0.22 will not change
the flow conditions at pressure~tap group I. This end-point
condition occurs at a supercritical exlt axial-veloclty ratio.

In a turbine having a constant emnular area downstream of the
blades, the passage would become choked at an axlal Mach number of
unity and the curves of figures 17 and 18 would end at a value of
(Wy/Wop); of 1.48. In the cascade investigation, however, the

exhaugt static pressure influenced the flow immediately downstream
of the cascade, even when the axlal velocity was supersonlic, until
the end~point condition was attained at a value of (Wy 1/op)s

of 1.56, The condition existing at this point was evaluated from
an analysis of the schlieren photographs. A similar condition
would probably be obtained in an actual turbine 1f the ammular
area downstream of the rotor Increased sufficlently to allow
supersonic axlal-velocity ratios.

The dashed curve in figure 18, originating at the point (1,1),
is & plot of the veloclty ratio Wéfwbr calculated by methed 3,

which agsumes a constant tangential veloclty from station 3. The
end point of the curve corresponds to sonic axial veloclty. For
values of (Ws/Ms.); ereater than 1.1, the velocitles calculated
by method 3 are considerably lower than the experimental values.
In order to approximate more closely the experimentally determined
points, an additional evaluation of the final flow conditions was
meds using a combination of methods 1 and 3, It was assumed that
the expansion from station 2 to 4 takes place according to the
agsumptions of method 1 until the tangemtial critical-velocity
ratio Wy 4/Wop attains the experimentally determined constant
value of 1,01, The corresponding value of (Wy/MW,.); is about

1.14. For higher values of the critical-velocity ratio (Wy/Mcn)i»
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the conditions at station 4 were evaluated by assuming, as 1in
method 3, that the expansion takes place with losses and with a
constant tangentisl velocity. The values of Wy/W,, obtained with
the combination of methods 1 and 3 are plotted in figure 18
beginning at the point (1.14, 1.14). The velocity calculated by
this method closely checks the experimental values obtained from
method 6 after the btangentlal-velocity ratlo reaches a constant
value. Sonic axial velocity is obtained for (Wy/W,,.)s equal %o
1.45 for this experimental method of eveluation.

A comparison of the flow-deflection angles determined by

methods 1, 2, 3, the combination of methods 1 and 3, and the
xperimental results of method 6 at pressure-tep group I 1s pre-
sented In figure 20. The curve for method 1 deviates from the
experimentally determined poinks after the loading of the rear
portion of the blade has reached its maximum value., At the point
of sonlc axial velocity, the deflection angle calculated by
method 1 is only 2°, whereas the measured value is approximately
11°, As expected, method 2 gives deflection angles far in excess
of the actual value when the flow areas Ay z and Ax are
equal, Of these three original methods, me‘f:hod. 3 gives the best
correlatlion with the experimental data. However, although the
data points for the negative deflection angles are rather scat-
tered, deflection angles of the order of -6° were obtained for
(W4 I/Wcr)i as high as 1.15.

The curve of the deflection angles calculsted by the combina-
tion of methods 1 and 3 glves the closest correlation wlth the
sxperimentally determined values of the deflection angle. This
method could be used to determine theoretically the angle of flow
deflection for the general case If the point at which the aero-
dynamic loading of the rear portion of the blade reaches its max-
imum value could be predicted. An analysis of the schlieren

' photographs of the flow shows the complex phenomena that occur at

supercritlical pressure ratios and indicstes the difficultles in
predicting this polnt of maximum loading.

Schlieren Photographs

Three of the schlieren photographs of the flow through the
1.80-inch blades are presented in figure 21. The photographs were
taken at three different pressure ratios with the schlieren knife
edge parallel to the inlet-flow direction. Because the blades
turn the incoming air through an anglse of about 90°, for all
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practical purposes the Imife edge is perpendicular to the flow
direction downstream of the cascade. Areas having greater light
intensity than the region of negligible density gredient at the
top of each photograph can be shown to have positive denslty gra-
dient in the direction from left to right, perpendicular to the
Inife edge. ’

A comparison of the three photographs of figure 21 shows
the progressive change in the flow pattern that tekes place with
decreasing values of the pressure retio p4/p 1° Figure 21(a)

shows that, at static-to~total pressure ratios considerably
greater than that required to glve critical flow at the throat
section, the statlc pressure immediately upstream of the throat
ig alightly lower than the exhaust pressure and a reglon of com-
pression originates on the pressure surface of the blade near the
tralling edge. The measured statlic-pressure distribution on the
pressure surface for the same over-all pressure ratio confirms
this result,

Figure 21(b) shows that as the pressure ratic is decreased
to 0,52, slightly less than the critlcal pressure ratio, the
region of compression becomes & weak shock wave that 1a nearly
normal to the flow. Further expansion takes place downstream of
this shock ae evidenced by the dark region followed by a second
compression shock originating from the suction surface at the
trailing edge.

As the pressure ratio is further decreased to 0.42 (the min-
imum obtainable with this blade configuration exhausting to the
atmosphere), corresponding to a value of (W‘j‘/w‘:m)1 of 1.15, the

two shock waves tend to become stronger and more oblique untlil
the complex flow pattern shown in figure 21(c) is obteined. The
deflection angle 1ls stlll negetive, as indicated in figure 17,

An enlargement of a photograph of the flow for a pressure
ratio of 0.42 at the exit of two of the passages with the schlileren
knife edge parallel to the flow in thils region is shown Iin filg-
ure 22, With this knife-edge orientation, the obligue shock wave
originating from the pressure surface at the tralling edge 1la
light, whereas the one from the suctlion surface 1s dark. The filne
lines scrlbed over the blade span on the suction surface of the
center blade caused Mach lines that were used to measure the Mach
angles.
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An evaluvation by the method of characteristlcs of the flow
conditions in figure 22 1s glven in figure 23, The expansion from
the pressure surface around the trailing-edge radius takes place
as agsumed in methods 4 and 5. The flow does not separate, how-
ever, from the tralling edge after expanding to a Prandtl-Meyer
angle of 3.2° corresponding to the static-to-total pressure ratio
of 0,42, but expands through a Prandtl-Meyer angle of about 9° +o
reglon 2 before passing through the obligue compression shock CP'
The pressure distribution on the suction surface for this condi-
tion is given in figure 24, No separation from the suction surface
was asgumed to occur untll the measured pressure distribution dif-
fered from that calculated by the method of characteristice in
method 5. The oblique shock Cp originating from the deflection
of the flow from the pressure suwrface after region 2 (fig. 23) is
reflected from the region of flow seperation adjacent to reglon 4
as a serles of expansion waves. A region of compression follows
and then further expension occurs around the trailing edge to the
obligue shock Cg, which extends across the flow fram several
chamels (fig. 21l(c)).

Measurement of the flow angle of the wake regions from photo-
graphs similar to that of figure 21 gave reasonably close agree-
ment with the experlmental results of method 6. The wake reglons
are not defined clearly emough in the photographs to meke such
measurements accurate to more than +3°,

Photographs of the flow through the cascade of 0.60-inch
blades are shown in figure 25, The flow pattern in figure 25(a)
is comparable with that in figure 21(c), which was taken at very
nearly the same pressure ratio. The shock waves dlscussed in the
analysis of figure 23 extend several chord lengths downstream of
the blades. The shock wave Cg originating from the deflection
of the flow separated from the suctlion surface downstream of the
tralling edge 1ls stronger than the one originating at the point of
separation of the flow from the suction surface.

A shadowgraph taken at & pressure ratio of 0.39 i1s shown in
figure 25(b). The analysis by method 6 indicates that at this
rressure ratlo the tangentiasl-velocity component reaches its max-
imm value. The angle of the oblique shock CP is decreased =o

that it no longer affects the pressure distribution om the suction
surface. Simultaneously, the point of flow separation from the
suction surface has moved so close to the trailing edge that 1t is
evident that the rear portion of the blade has practically reached
the maximum-loading condition,
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As the pressure ratlo was lowered from the point at which the
photograph of figure 25(b) was taken, the obligue shocks Cp cross-
ing the passages between blade traliling edges turn progressively
farther downstream (fig. 25(c)). The flow at the exit of the upper
blades in this photograph has attained the supersonic end-point con-
dition discussed in the analysls of method 6. A further reduction
in the downstream pressure does not change the conditions at the
exlt of the upper blades bubt only extends the region of this mexi-
mum expansion to all the blades in the cascade (filg. 25(d)). The
ghock waves Cg originating from the suction surface at the trall-
ing edge are relatively strong and extend all the way across the
field of the pilcture; whereas some of the shock waves CP orig-
inating from the pressure surfece of the tralling edges of the cen~
ter blades are dissipated near the top of the photograph.

A guantitative analysis of an enlargement of another schlleren
photograph of this end-point condition (fig. 26) was carried out
usging the method of characteristics. The resulting flow pattern
is shown In figure 27 and the flow condliions glven in table II.
Flow conditions before end after each of the theoretical shock
waves at the measured positlons were determined by a process of
trial-and-error by which the conditions ahead of the shock wave
were seolected to satiasfy the Prandil-Meyer expansion from the
pressure surface of the blade sround the tralling edge. In this
manner 1t was possilble to calculate theoretical shock waves that
agreed with the measured ones from the photograph within the
accuracy of such measurements, which was *2°, The experimental
pressure distribution along the suction surface (fig. 19) agrees
well with the theoretical values calculated In this analysils,

The flow ls continuouwsly supersonlc at the exit, wlth
extremely thin waeke regions at this pressure ratio. Any further
decrease 1n the exhaust pressure cannot appreciably change the
flow condlitions at the exlt of the blades. The sets of shock
waves OCOp and Cg extend almost unchanged a long distance
downstream of the blade row. The shock wave Cg 1s the gtronger
one and deflects the flow through an angle of about 12° as com-
pared with about 5° for the shock wave CP. Because the expansion
waves are not exactly parallel to the shock waves, the shock waves
will eventually be digslipated, which probably explains the thin-
ning out of the shock waves Cp at the top of figure 25(d).

The exit deflectlon angle & varies from approximately 7°
to 199 from region 8 to 10. -The mass-averaged value of the deflec-
tion angle along the line of statlc-pressure-tap group I, calcu-
lated from figure 27, was found to be 16.79, 2° greater than the
meximm value of 14.7° determined by method 6,
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The foregoing results show that, contrary to the assumption
of method 4, the flow does not separate from the suctlion surface
in the mammer shown in figure 7. Deflection of the flow in the
exial direction is not attained until the exit sbatic pressure lis
considerably below that required to give critical-flow conditlions
at station 2. Although method 5 gives a closer approximation’ to
actual conditlons, it does not give the point of maximum loading
of the rear portion of the blade without additional inform‘bion
about the flow conditlicns in this region.

SUMMARY OF RESULTS

A comparison of the results of five theoretlcal methods for
determining the deflection angle at the exit of a row of blades
at supercritical pressure ratios with an experimental method
using statlc-pressure surveys, and also wilth schlieren photographs,
ylelded the following resulis:

1. Experimental results indiceted that even at pressure ratlos
considerably lower than that required to give critical velocity atb
the throat section, the flow was deflected Iin the 'ba.ngential
direction as predicted for the incompressible case.

2. As the pressure ratlo was contlnually lowered, the aero-
dynamic loading of the blade reached a meximum value and then
remained constant. Afbter this condition was attalned, the expan-
gion downstream of the cascade took place with a constant tan-
gential velocity so that no further increase in the amount of
turning across the blade row and no further increase in the load-
ing of the blade was avallable.

3. None of the five methods for analytically determining the
Jet-deflection angle gave results that agreed closely with the
experimental results. The assumption of nonisentroplc expansion
with a constant value of tangential-veloclity component after the
aerodynamic loading of the rear portion of the blade reached its
maximm value gave the best agreement between theory and experi-
ment.,

4, When the entire field of flow a short distance downstream
. of the blades became supersonic, an end-point oconditlion for which
the axial veloclity was supersonic was atiained. Any further
decrease in the pressure retio after this conditlon was atiained
dld not change the flow conditions at the exit of the blades.
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5, The deflection of the Jet for the blades investlgated in
the cascade was found to be about 7° in the tangential direction
untlil the blade loadlng resched lts meximum value; the deflection
angle then changed as the pressure ratio was further decreased,
until a maximm value of about 15° in the axial direction was
obtained for the end-point condition.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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i APPENDIX A

DERIVATION OF EELATTON BETWEEN AXTAT- AND

2e1T

TANGENTTAT-VELOCITY COMPONENTS WHEN AXTAT,
COMPONENT IS EQUAL TO SONIC VELOCITY

From the condltion of conbinuity and the lsentropic one-
dimensional-flow relations, it is known that the axlal-velocity
component wlll be sonic at the point for which the mass flow 1s
& maximum,., Beocause the area in planes perpendilcular to the axial
direction 1s constant, the maximum mass flow.wlll be obtained
when pWy 1s maximum,

From the lsentropic-flow relations,

2 2
cr 7+l N\ Wer Her Weor

By setting the derlvative with respect to the axial compo- -
nent equal to zero,
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By solving for the axlal component,
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AFYFENDIX B

SAMPLE CAICULATION FOR METHOD 6 — EVALUATION OF
EXPANSION BY USE OF CONSERVATION-OF-MOMENTUM
METHOD (IMPULSE LAW) AND MEASURED VALUES

OF STATIC-PRESSURE DISTRIBUTION

The various quantitles in equations (l4a) and (14b) may be
evaluated as follows:

_2_
— 2 7=l .
Pz = Por =<7-ﬁ) P
1.40
, \0.40
- ('z"4'6> (144)(34.88) 1b/sq £t

. Ap = 0,00525 8q Tt
Py Ay = 13.93 1b

From figure 19, which 1s & plot of the static-~pressure dis-
tritutlon over the area Ay for the point of meximum loading,
the pressure Dy is

5; = 3.20 1b/sq in.
p_t Ay = (3.20) (144)(0.00125)

= 0.58 1b
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Pz = 15:93 + 0.58
= 14,51 1b

2

Wp = Wor = A [l €RT')

= Eé%jégl (32.17)(53.34) (607)

= 1101.9 £t /sec

2. Evaluatlon of Kg:

KS“EAS

(15)

T, =

—— 2
0,059 Py @)
i/5 Z
(Rez,s)

where
1 gy Pay

K18 = Hav

_ (0.181)(937) (0.00350)
3.81 x 107

= 1.56 x 108
0,059 (0.00207) (1460)3
- 175 2
(1.56 x 105)

TB=

= 7.5 1b/sg £t
K, = (7.5)(0.01025) = 0,08 1b

3. BEvaluation of Pa.,«?. and Pn,4‘

Fa,4 = Pa,4 Ax,4
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1 7 sin B,

a,
Py,q = (5.581)(144)(0.5616)(0,01158)
= 5.23 1b
Ph,a = Pn,4 Ar s
Pn,4 = Py ©08 B
P_ , = (5.581)(144)(0.8274)(0.01158)
]

7.70 1b

4, Bvalwatlon of Pn,s:

Pn,s = Dg Ag

2,0 (area under plot of static pressure
against distance along area, Ag,

£ig. 19)
= 2,0 (7.63)
Bp,s = 15.26 1b

5, Bvalvation of m:

M = Pop Won A2

2 1/y
] = | e— o] 3
cr 7+l L

(0.6339) (0.004822) (1101.8) (0.00525)

B
|

0.01769 slug/sec

6. Evaluation of Wy 4, Wy, 4, and B:

n(Wg,4 = Wp) =Pp - Kg - Pa g (14a)
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mWn.’4 = Pn,s - Pn’4 (14b)

(0.01769) (Wg 4 - 1101.9) = 14.51 - 0.08 - 5.23 (14a)
Wy 4 = 1622 £ /sec

‘(0.01769) Wp,4 = 15.26 ~ 7.70 (14b)

Wy 4 = 427 £t /sec

W
&5 = tan'l ——:—n 4
Waal.,é:

1 427

= tan™" 7557

14,78°
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BY METHOD OF CHARACTERISTICS AS SHOWN IN FIGURE 23

TABLE II - FLOW CONDITIONS FOR ANALYSIS OF FIGURE 22
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Pressure Suction
surface surface

Throat
section

~ ——Statlion 4

Figure I. - Diagram of flow conditions at exit of cascade of turbine
rotor blades at supercritical! pressure ratios for Method | assuming
isentroplic expansion with constant flow area in planes perpendicular

to axial dlrection.
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Figure 2. - Variation of supercritical portion of
deflection angle B4—B3z with exit critical velocity
ratio for Method | assuming isentropic expansion
with constant flow area in planes perpendicular to
axial direction. Y = |.4.
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surface surface

Throat
section
v\ (Station 2

\

Y

Station 3

™ ,
* x,4

Wu,4°Wy,3

Station 4’///,

Figure 3. - Diagram of flow conditions at exit of cascade of turbine rotor
blades at supercritical pressure ratios for Method 2 assuming isentropic
expansion with constant value of tangential component of velocity.
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Figure 4. — Variatlon of supercriticatl
portion of deflection angle B4—Fz with
exit critical velocity ratio for Method 2
assuming isentropic expansion with
constant value of tangential component of
velocity. y = 1.4,
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Area ratio, Ax,4/Ax,3
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Figure 5. - Area ratio Ax,4/Ax,3 at exit of

cascade of turbine rotor blades for

Method 2 assuming isentropic expansion

with constant value of tangential

component of velocity.
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Critical velocity ratio, W/W,
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Method 3 assuming nonisentropic expansion with constant value of
tangential component of velocity and constant fiow area in planes

perpendicular to axial direction. y = l.4.
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surface surface
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Throat
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Sy
Region | Prandtl~| Pressure| Critical
Meyer ratio velocity
angle p/p ratio
: (deg} WiW,
| o 0.5283 [.0000
2 .00 4791 1.0667
3 2.00 .4498 1.1066
4 3.00 .4249 {,1409
5 4,15 .4000 1.1757 W
Figure 7. - Diagram of flow conditions at exit of cascade of turbine rotor

btades at static-to-total pressure ratio of 0.400 for Method 4 assuming
isentropic expansion of flow with deflection toward axial direction
according to Prandti-Meyer theory of flow around a corner.
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Figure 8. - Variation of deflection angle
with exit critical velocity ratio for
Method 4 assuming deflection toward axial
direction according to Prandtl-Meyer
theory of flow around a corner. y = 1.4,
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Figure 9. - Diagram of flow conditions at exit of cascade of turbine rotor blades st static-to-iotal pressure
ratio of 0.400 for Method 5, as detsrmined by method of characteristios, assuming downstream static pressure

throughout wake region and no separation of flow from suction surface of blade. (Bee table 1 for flow
canditione.) _ ’
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Throat
section
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e
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Figure t0. — Diagram of flow conditions at exit of cascade of turbine rotor
blades at supercritical pressure ratios for analysis by Method 6, using
conservation—of-momentum principle and measured values of static-pressure

distribution.
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Figure {2, ~ Plan viev of pressure survey blading configuration with top plate removed.
(A1l dimensions In in.)
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(a) Plan view of cross sectlon through
over-all test section assembly.
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Flgure 14, - Over-all test section assembly and cross sectien of boundary-layer removal duct.
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Figure 15. ~ Diagram of schlieren optical system.
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Figure 16. - Loss in total pressure obtained frem wake survey behind two blades at
ap over-all static-to-total pressure ratio of 0,60.
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Deflection angle, 8, deg
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Ftgure 17. — Experimental evaluation of deflection angle by conservation-

of-momentum relationships of Method 6.
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of-momentum relations of method 6.
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Static pressure, pg, 1b/sq in.

NACA RM E9K25
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Figure 19. — Static-pressure distribution on
suction surface area Ag at point of maximum

loading.
inch.
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C.23463
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(2) Presswre ratic p4/p'y, 0.66.

Figure 21, - Schlleren photographs of flow through casocade of 1.80-inch blades with
schlieren knife edge parallel +o inlet-flow direction,
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C-23427

-
- . 5-11-49

(b) Presswre ratio p;/p'y, 0.52.

Figure 21, - Continued, Schlieren photographs of flow through cascade of 1,80-1inch
blades wlth schlleren kmife edge parallel to inlet-flow dlrection.
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(o) Pressure ratio pg/p'y, O.42.

Figure 21, = Concluded., Schlieren photograrhs of flow through cascade of 1.80-inch
blades wilth schlleren knife edge parallel to inlet-flow direction.
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Figure 22, - Enlargement of schlierven photograph of flow in exlt region through two passages of 1,80-inch blades with sohlie-
ren knife edge parallel to flow direction, Pressure ratio ps/p'y, 0.42,

GZM63 WY VYOVN

a9






t a ¢ A 1132 v

STX63 WY VYOVN

Gompression
shock wave, $
/ Qompression
/ ghook wave, P

Reglon | Prandtl~| Flow de- /
Meyer flection
angle angle, § .
(deg) (deg) —

1 0 0 ' ' ' '
Q 9.0 9.0 Expansion wave
3 9.0 1.0 —»—— Expansion or compression '
4 8.0 10.0 wave measured from photogra
5 2,7 ~1,1 —--— Streamlines :
8 1.0 1.0
7 5.0 8.0
8 3.0 7.0
9 9.0 1.0 VW
10 5.0 4.3

Fignre 23, - Diagram of flow conditions u.;, exit of camords as evaluated from schliaren phatograph of figure 22 uaing method of characteristios.
Pressure ratio, p4/p]'_ = 0.42,

L9



68

in.

Static pressure, pg, 1b/sq
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Figure 24. - Static-pressure distribution on

suction surface area Ag for condition shown in

schlieren photograph of figure 22.
ratio, ps/p'| = 0.42.
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(2) Schlieren kmife edge perallel to flow direction
in exit reglon; pressure ratio pg/p'y, O.44.

Figure 25, - Photographs of flow through cascads of 0.60-inch blades.
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(b) Shadowgraph; pressure ratio p4/p'i, 0.39.
Figure 25, - Continued. Fhotographs of flow through cascade of 0.60-inch blades.
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75

(d) Schlieren knife edge parallel to inlet-flow
direction; pressure ratio pg/p'y, 0.21.

Figure 25, - Concluded. Fhotographs of flow through cascade of 0.60=inch blades.
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Filgwre 26, = Enlargement of schlleren photograph of flow through passages of 0.60=1inch
blades with schlleren knife edge parallel to inlet-flow direction, Pressmre ratio

p4/p'1, 0.23.
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Figure 27. - Dingram of flow conditions at exit of cascade evaluated from schlieren photograph of figure 26
using method of characteristice. Pressure ratio, p4/pi = 0.23. (8ee table 2 for flow oonditions.)
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